High tunnel production of horticultural food crops is becoming increasingly popular and has a significant impact on their growth, productivity and nutritional quality. The present study examines the effect of high tunnel production of lettuce (Lactuca sativa cv. "Two Star" and "New Red Fire") and tomato (Solanum lycopersicum cv. "Celebrity" and "Mountain Fresh") on their nutritional quality relating to major nutrients and health-promoting phytochemicals. High tunnel environment increased the concentration of N (protein) in both lettuce and tomato relative to the open field cultivation. The accumulation pattern of mineral nutrients in high tunnel was similar in green-leaf and red-leaf lettuce varieties. Lettuce varieties grown in high tunnel had higher accumulation of C, S and Zn relative to those grown in open field. However, high tunnel environment suppressed the accumulation of many micronutrients such as Mg, Fe, Cu and Mn in both lettuce varieties but not in tomato. For example, accumulation of Fe was reduced by more than 80% in "Two Star" and by more than 55% in "New Red Fire" under high tunnel. It also suppressed the levels of many health-promoting phenolic compounds such as chlorogenic acid, chicoric acid, rutin and kaempferol in green-leaf lettuce and gallic acid in red-leaf lettuce. High tunnel environment improved the soil nutrient status but reduced the radiation levels (PAR, UV-A and UV-B) received by the crops. The results show that the high tunnel production has a significant impact on the nutritional quality relating to protein and mineral nutrients in both crops and health-promoting phytochemicals in lettuce.
Introduction
High tunnel production of horticultural crops is increasingly becoming popular in the US because it can extend the growing season and lead to aesthetically better looking produce with greater consumer preference. High tunnels are passive protective structures that markedly alter the microclimate, soil characteristics and intensity and quality of light received by crops, which can impact both plant growth and its nutritional quality.
In spite of higher aesthetic appeal and often higher yields in high tunnels [1] , little is known about nutritional quality of the produce. Many studies have reported that crops grown in high tunnel have reduced nutritional value, especially in relation to health-promoting phytochemicals compared to those grown in open field. Zhao et al. [1] examined the effect of growing green-and red-leaf lettuce in high tunnels on phenolic compound accumulation and found that it was suppressed in both green-and red-leaf lettuce varieties grown in high tunnels with more pronounced differences in the red-leaf lettuce variety. Similar results were observed in young green-and red-leaf lettuce varieties grown in high tunnels [2] . Furthermore, it is likely that greenhouse grown plants which typically receive reduced light intensity may also show similar results. Romani et al. [3] showed that lettuce grown in a greenhouse which received approximately 27% less light intensity than open field had reduced concentration of many individual polyphenols as well as the total phenolic compounds. Similarly, high tunnel cultivation of red raspberry resulted in reduced level of carotenoids including β-carotene, lutein and zeaxanthins in the fruits compared to open field culture [4] .
The impact of high tunnel or protected environment production of food crops on the nutritional quality relating to major nutrients such as protein and mineral composition is not well understood. Protein and micronutrient deficiency is a serious challenge in public health, especially in the developing regions of the world. Many studies and the World Health Organization (WHO) have addressed protein and energy (calories) deficiencies together as they typically occur together in many countries afflicted with malnutrition [5] . It is estimated that about a third of world's population and 80% of the children in South Asia are affected by protein-energy deficiency [5] . It has a devastating impact on children as it affects their physical and mental development resulting in stunted growth and impaired cognitive development [5] [6] . The problem is likely to get worse as the global population is projected for a rapid growth in the coming decades, especially in developing countries [7] .
Micronutrients include minerals essential for physical and mental development and to prevent diseases, and for the general wellbeing of humans. They are obtained through diet and are not produced in our body. Although they are needed in small quantities, their deficiency can lead to permanent disabilities, poor health and death, if not treated. Plant food is an important source of minerals for humans and their deficiency is a significant global health issue. The World Health Organization estimates that more than 2 billion people globally While there are some studies dealing with the effect of high tunnel production of horticultural food crops in relation to health-promoting phytochemicals, very little is known about its impact on major nutrients important for human health. In the present study, we investigate the effect of high tunnel production of commonly grown vegetables such as lettuce and tomato on their nutritional quality relating to both major mineral nutrients and health-promoting phytochemicals.
Materials and Methods
Seeds of lettuce (Lactuca sativa cv. "Two Star" and "New Red Fire") and tomato (Solanum lycopersicum cv, "Celebrity" and "Mountain Fresh") were germinated in plastic trays (53 cm × 27 cm) containing Premier Promix soil medium in a growth chamber set at 22˚C (day/night) and 8h photoperiod with a photon flux of 300 μmol/cm 2 /sec. After 4 weeks, seedlings were transplanted into pots (10 cm × 10 cm) containing Metromix 350 with 1 seedling/pot. Seedlings were transferred to a greenhouse maintained approximately at constant 22˚C and grown for 2-3 weeks. Lettuce and tomato seedlings were watered daily before transplanting them to the field. Tomato seedlings were fertilized via irrigation once a week using Peat Lite (20-10-20) for air circulation and to prevent large air temperature differences between the inside and outside the high tunnel. The experiments were conducted using a completely randomized block design with 3 replications. Each replication consisted of 12 seedlings for each lettuce variety and 6 seedlings for each tomato variety. Seedlings were transplanted into the open field and high tunnel onto the raised beds covered with black plastic mulch (Harris Seeds, Rochester, NY) to reduce soil water loss and suppress weeds. For lettuce, the spacing between rows was 25 cm and 20 cm within rows, and for tomato it was 0.91 m both between and within rows. The crops were irrigated with drip-tape irrigation system as needed and were grown using the recommended management practices. After 1 -2 weeks of transplanting, the crops were fertilized with Alaska Fish Fertilizer (5-1-1; Lily Miller Brands, Walnut Creek, CA) at a rate of 1 tbs/gal and Hi-Yield blood meal (Voluntary Purchasing Groups, Bonham, TX) at recommended levels for lettuce, and with Alaska Fish Fertilizer in the case of tomato. Both crops were treated with Natural Guard Crawling Insect Control containing diatomaceous earth (Voluntary Purchasing Groups, Inc. Bonham, TX) and liquid Thuricide at recommended doses to reduce pest incidence. Crop management practices followed for each crop in open field and in high tunnel were identical.
Daily weather data with regard to mean, maximum and minimum temperatures, precipitation, and solar radiation (data not presented) were collected during the growing season from the weather station located near the test plots, and complete weather data are archived at mesonet.ksu.edu (Rockyford, KS).
Light Measurements
Photon flux density of photosynthetically active radiation (PAR) was measured 
Soil Nutrient Analyses
After clearing the soil surface of plant debris and roots, one soil sample from 
Tissue Nutrient Analyses
Lettuce leaf samples were collected at the time of harvest and oven dried at 75˚C for 3 days. The samples were ground in an electric grinder before the nutrient analyses. Pericarp of fully ripe tomato fruits were separated and freeze-dried.
The samples were ground into fine powder as outlined above before the analyses. Total carbon and nitrogen concentrations in tissue were assayed using a LECO TruSpec CN combustion analyzer and the protein contents were calculated according to Fujihara et al. [10] . The concentrations of phosphorus, potas- determined using perchloric digest method as outlined by Gieseking et al. [11] .
The nutrient concentrations were quantified using an Inductively Coupled Plasma (ICP) Spectrometer (Model 720-ES ICP Optical Emission Spectrometer, Varian Australia Pty Ltd., Australia). All the soil and tissue analyses were conducted in the KSU Soil and Tissue Analysis Lab.
Extraction of Phenolic Compounds
Following chemicals and standards were used in quantifying the phenolic com- Freeze-dried and ground lettuce leaf samples (0.15 g) were extracted with 15 ml of 70% aqueous methanol containing flavone as an internal standard by vigorous agitation on an orbital shaker (Benchmark, Edison, NJ) overnight. The extract was centrifuged at 3950 rpm for 30 min and then filtered to remove the cell debris. Aqueous methanol (70%) was added to make up the final volume (25 mL) and 2 mL of this was evaporated to dryness under streaming nitrogen gas.
The residue was re-dissolved in 200 μL of 70% methanol and then filtered using 0.45 μm Whatman syringe (Corning Inc., Corning, NY) for HPLC analyses.
Quantification of Phenolic Compounds
The phenolic compounds in lettuce leaves quantified included gallic acid, chlorogenic acid, caffeic acid, chicoric acid, luteolin-7-glucoside, rutin, apigenin-7-glucoside and kaempferol. With regard to carotenoid profile for tomato, valid analyses and comparative examination could not be accomplished as the cultivars used in this study were indeterminate and identifying the same physiological maturity stage for fruits among different treatments was difficult. Hence 
Data Analyses
The statistical differences in nutrients and phenolic compounds between open field and high tunnel were determined using ANOVA (SAS 9.4, Cary, NC and XLSTAT, Addinsoft, New York, NY) and the means were compared using Tukey's method at p ≤ 0.05 and p ≤ 0.01.
Results and Discussion
The maximum, minimum and average temperatures and the precipitation data during the growing season from mid-June to the end of October are shown in The growing conditions had significant impact on the nutritional quality of both lettuce and tomato. The changes with regard to the major nutrients in two lettuce varieties, a green, loose-leaf, "Two Star" and a red, loose-leaf, "New Red In addition, Fe and Mn uptake was markedly suppressed under high tunnel, by more than 80% in "Two Star" and by more than 55% in "New Red Fire" for Fe, and by more than 50% in both "Two Star" and "New Red Fire" for Mn. The deficiency of Fe is considered a major part of malnutrition throughout the world, nearly 2 billion people worldwide suffer from Fe deficiency [14] which can lead to anemia and other major health issues [15] [16] . It is especially a serious problem in pregnant women in many countries, accounting for nearly 20% in North America and is as high as 50% in South Asia and Sub-Saharan Africa [9] . Therefore, open field cultivation of lettuce has the potential to mitigate the Fe and Mn deficiency problems in our diets.
In the case of tomato fruits as in lettuce, N (protein) concentration increased in both "Celebrity" and "Mountain Fresh" grown in high tunnel compared to those grown in open field (Figure 4 ). The increase in N content ranged from about 47% in "Mountain Fresh" to 51% in "Celebrity". In addition, fruits from only "Celebrity" grown in high tunnel had higher Zn concentration than those from the open field. However, there were no significant differences in other nutrients between the fruits of both varieties grown in high tunnel and open field (Table 3) . Thus, growing both varieties of lettuce and tomato in high tunnel has a distinct advantage in that the there is a significant improvement in the protein concentration of the edible parts of these crops ( Table 2 and Table 3 ).
The data on the soil nutrient and organic matter status in high tunnel and open field are presented in Table 4 . The status of most of nutrients and organic matter was better in high tunnel compared to open field. With the exception NH 4 -N and Cu, there were significant differences in the contents of all nutrients between high tunnel and open field. However, soil NO 3 -N content was significantly higher in high tunnel relative to that in open field. The results from this study that the general nutrient status of soil in high tunnel is higher than in open field is consistent with previous studies that showed that high tunnels modify the soil health with typically higher organic matter in high tunnels than [17] . The study also found that the established high tunnels tend to accumulate more P and lower K levels compared to newly established high tunnels. Similar results were reported by Knewston et al. [18] who found that organic matter carbon was higher in high tunnels especially with organic management perhaps resulting from a slower decomposition of organic matter in high tunnels relative to open field. Thus, from the data on the nutrient status of plants, one would assume that the higher accumulations of certain nutrients in lettuce and tomato is a reflection of the better soil nutrient status in high tunnel, however, this assumption is not supported by the fact that many nutrient levels in leaves of lettuce grown in . Peak 1-gallic acid, peak 2-chlorogenic acid, peak 3-caffeic acid, peak 4-chicoric acid, peak 5-luteolin-7-glucoside, peak 6-rutin, peak 7-apigenin-7-glucoside, peak 8-kaempferol and I. S.-flavone. is consistent with the previous study by Oh et al. [2] who found that the concentrations of major phenolic compounds in lettuce, namely chlorogenic acid and chicoric acid, were significantly higher in both green-leaf and red-leaf cultivars including the total phenolic content and the antioxidant capacity during early stages of plant growth in open field. Zhao et al. [1] found similar results in which concentrations of chlorogenic acid and many flavonoids were higher in both green-and red leaf lettuce grown in open field but the response was variable depending on the season. Furthermore, high tunnel production was found to lower the antioxidant capacity in pacchoi and spinach grown in high tunnels [19] .
Similar results were observed in lettuce grown in the greenhouse [3] . These results suggest that light intensity and its quality has a strong impact on the accumulation of phenolic compounds in lettuce. In fact, it has been shown that high light intensity can enhance not only the total phenolic content but also the accumulation of chlorogenic acid and chicoric acid [20] [21] . While open field cultivation clearly enhanced the accumulation of many phenolic compounds, it also suppressed the accumulation of some flavonoids such as rutin and kaempferol in Thus, overall these results suggest that high tunnel production has a greater impact on the nutritional quality in leafy vegetable like lettuce than in tomato fruits.
Conclusion
High tunnel environment had significant impact on the accumulations of major nutrients and health-promoting phytochemicals in both lettuce and tomato cul- 
